The multi-annual carbon budget of a peat-covered catchment by Worrall, Fred et al.
Science of the Total Environment 407 (2009) 4084–4094
Contents lists available at ScienceDirect
Science of the Total Environment
j ourna l homepage: www.e lsev ie r.com/ locate /sc i totenvThe multi-annual carbon budget of a peat-covered catchment
F. Worrall a,⁎, T.P. Burt b, J.G. Rowson a, J. Warburton b, J.K. Adamson c
a Dept of Earth Sciences, Science Laboratories, University of Durham, South Road, Durham, DH1 3LE, UK
b Dept of Geography, Science Laboratories, University of Durham, South Road, Durham, DH1 3LE, UK
c Environmental Change Network, Centre for Ecology & Hydrology, University of Lancaster, Bailrigg, Lancaster, Cumbria, LA1 4YO, UK⁎ Corresponding author. Tel.: +44 191 374 2535; fax:
E-mail address: fred.worrall@durham.ac.uk (F. Worr
0048-9697/$ – see front matter © 2009 Elsevier B.V. A
doi:10.1016/j.scitotenv.2009.03.008a b s t r a c ta r t i c l e i n f oArticle history:
Received 11 July 2008
Received in revised form 19 February 2009
Accepted 3 March 2009
Available online 16 April 2009
Keywords:
DOC
POC
Primary productivity
Net ecosystem respiration
MethaneThis study estimates the complete carbon budget of an 11.4 km2 peat-covered catchment in Northern
England. The budget considers both ﬂuvial and gaseous carbon ﬂuxes and includes estimates of particulate
organic carbon (POC); dissolved organic carbon (DOC); excess dissolved CO2; release of methane (CH4); net
ecosystem respiration of CO2; and uptake of CO2 by primary productivity. All components except CH4 were
measured directly in the catchment and annual carbon budgets were calculated for the catchment between
1993 and 2005 using both extrapolation and interpolation methods. The study shows that: Over the 13 year
study period the total carbon balance varied between a net sink of −20 to −91 Mg C/km2/yr. The biggest
component of this budget is the uptake of carbon by primary productivity (−178 Mg C/km2/yr) and in most
years the second largest component is the loss of DOC from the peat proﬁle (+39 Mg C/km2/yr). Direct
exchanges of C with the atmosphere average−89 Mg C/km2/yr in the catchment. Extrapolating the general
ﬁndings of the carbon budget across all UK peatlands results in an approximate carbon balance of−1.2 Tg C/
yr (±0.4 Pg C/yr) which is larger than previously reported values. Carbon budgets should always be reported
with a clear statement of the techniques used and errors involved as this is signiﬁcant when comparing
results across studies.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Schimel (1995) showed that during the 1980s atmospheric CO2
increased by 3.2 Gt C/yr, but fossil fuel burning contributed and
estimated 5.5 Gt C/yr. This discrepancy is in part explained by the
ability of the terrestrial biosphere to uptake additional carbon. For
example, within the terrestrial biosphere the northern peatlands are
the most important terrestrial carbon store, and Gorham (1991) has
estimated that 20–30% of the global terrestrial carbon is held in 3% of
its land area. The northern peatland carbon store is estimated to be
approximately 4.5 Gt C and over the Holocene northern peatlands
have accumulated carbon at an average rate of 0.96 Mt C/yr, making
this ecosystem not only a substantial store but also a large potential
sink of atmospheric carbon. Under a warming climate this vital store
could potentially be converted from a net sink to a net source of
atmospheric carbon. As air temperatures increase a number of effects
could be expected: carbon degradation is accelerated leading to
increased release of CO2 from soil respiration (e.g. McKenzie et al.,
1998); increasing drought frequency and severity triggers activation
of new enzymatic processes (Freeman et al., 2001); and increasing
temperature and drier conditions lead to increasing drawdown of
water tables (Christensen et al., 1998). Inter-annual comparisons of
net ecosystem exchange show that during dry years a peatland can+44 191 374 2510.
all).
ll rights reserved.change from a net sink of carbon to a net source (Alm et al., 1999;
Griffs et al., 2000). However, these climatic effects could be
accentuated by other factors including: changes in atmospheric
deposition and land management. Furthermore, the presence of
increased atmospheric CO2 could in itself lead to increased carbon loss
from the stock of carbon stored in peats (e.g. Saarnio et al., 2003).
Decreases in atmospheric deposition of sulphur have been associated
with increased losses of dissolved organic carbon (DOC) (Evans et al.,
2005; Clark et al., 2005). Increased N deposition would lead to
increased litter production (Aerts et al., 1992), enhances the release of
carbon from roots to the soil (Cortufo and Gorissen,1997); favours the
vascular plants over mosses (Heijmans et al., 2001) and may inhibit
CH4 oxidation (Steudler et al., 1989). In addition, management
practices in peatlands have not necessarily been conducive to carbon
storage. For example, peat drainage lowers the average water table
depth allowing greater depth of oxygen ingress which has been
suggested to lead to increased soil CO2 respiration (Glenn et al., 1993;
Funk et al., 1994; Bubier et al., 2003); increased ﬂux of dissolved CO2
(Jones and Mulholland, 1998); and potentially, increase losses of DOC
(Mitchell and McDonald, 1995). Hence peatlands are subject to a
complex array of processes which inﬂuence the overall carbon
balance. With mounting threats to these peatlands the understanding
of the carbon budget dynamics becomes increasingly signiﬁcant.
Carbon budgets of peatlands have in general been estimated by two
types of method: dating of peat accumulation, and measuring carbon
ﬂuxes between the ecosystem and the atmosphere. Dating methods
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carbon accumulation (RCA). These RCAvalues have been reported fro a
range of sites across northern peatlands, and rates of accumulation
vary from a high of 88.6 gC/m2/yr (Tolonen and Turunen, 1996) to as
low as 0.2 gC/m2/yr on Bafﬁn Island (Schlesinger, 1990). There are
recognised problems with this technique including: long-term anoxic
decay in the catotelm (Clymo et al., 1998); reservoir effects (Kilian
et al., 1995, 2000); poor estimates of peat bulk density; and short term
changes in carbon accumulation will not be well represented (Hilbert
et al., 2000). In order to resolve some of these issues the short-lived
radioisotope 210Pb has been used (e.g. Turetsky et al., 2004). However,
such techniques are only capable of measuring the accumulation of
peat and typically can only be used to estimate the average rate of
accumulation above a speciﬁc horizon. If the peatland was losing
carbon during any period for which the accumulationwas studied this
will lead to lower estimates of accumulation rates that misrepresent
the current carbon budget in that peatland.
The second main approach is to calculate present day carbon
budgets based on estimating ﬂuxes of carbon exchanges at the surface
of the peatland. Typically, the ﬂux is the net ecosystem exchange
(NEE) of CO2 which is taken as the balance between respiration and
primary productivity. Numerous studies have explored the controls of
NEE in northern peatlands. For example, the link between NEE and
photosynthetic active radition (PAR) (Frolking et al., 2002), tempera-
ture and water table (Bubier et al., 2003). Generally studies have
shown that peatlands can be net sinks of up to 260 gC/m2/yr of CO2
(LaFleur et al., 2002). However, no ﬂux study has measured all
possible carbon release pathways at a single site; most studies focus
on CO2 exchange and sometimes CH4 release. Furthermore no studies
have included monitoring of both the gaseous and the ﬂuvial carbon
ﬂux. Full characterisation of ﬂuvial carbon release would include:
DOC, particulate organic carbon (POC), dissolved inorganic carbon
(DIC) and dissolved CO2 (Dawson et al., 2002). Frolking et al. (2002) in
their model of a peatland carbon simulator do include DOC as well as
CO2 and CH4 but no other release pathways. It might be considered
that only direct atmospheric exchange of carbon is important and so
loss of carbon via ﬂuvial pathways need not be considered. However,
ﬂuvial ﬂuxes do contribute to atmospheric carbon and the stability of
peatlands is often closely coupled to ﬂuvial carbon loss (Evans et al.,
2006). If both ﬂuvial and gaseous losses are being considered then it is
a peat-covered catchment that must be considered and not just a peat
soil. Worrall et al. (2003a) estimated the ﬁrst carbon budget of a
peatland that considered both ﬂuvial and gases exchanges. On the
basis of purely the surface exchange of carbon gases (primary
productivity and net ecosystem respiration of CO2 and CH4) calcula-
tions suggested the study catchment would be a next sink of 48 Mg C/
km2/yr, but when ﬂuvial losses are included the peatland is only a
marginal sink of 14 Mg C/km2/yr. Furthermore, ﬂuvial carbon
pathways can exchange carbon with the atmosphere, for example,
the dissolved CO2 concentration of waters leaving a peat proﬁle are
normally in excess of that which would be in equilibrium with the
atmosphere such that streams in peat catchments would be sources of
CO2 to the atmosphere (e.g. Hope et al., 2001). Furthermore,
degradation of DOC and POC may occur in the ﬂuvial system releasing
CO2 to the atmosphere. For an 11.4 km2 peat-covered catchment in
Northern England, Worrall et al. (2006a,b) have shown that DOC loss
due to in-stream processes was equivalent to 32% loss of DOC export.
At a larger scale if the same catchment is considered from headwaters
to tidal limit (a catchment of 818 km2) the loss of DOC equates tomore
than the loss of CH4 from the catchment.
However, the estimated carbon budget proposed by Worrall et al.
(2003a) had a number of limitations. Firstly, the study could not
measure all the possible uptake and release pathways, it had to rely on
estimates from measurements taken at other UK catchments and
adjusts these for local hydroclimatic conditions. Secondly, the
description of the inorganic carbon ﬂux from the peat was inaccurate:the study calculated the loss of total inorganic carbon and subtracted
the inputs of weathering from the underlying strata and then added
the excess dissolved CO2 concentration as well. In understanding the
loss of peat carbon only the calculation of the excess dissolved CO2 is
necessary. Thirdly, for none of the ﬂuvial ﬂux components were the
losses in-stream considered. Fourthly, the study of Worrall et al.
(2003a) considered only one year indeed, Griffs et al. (2000) and Alm
et al. (1999) have shown that the net ecosystem exchange of a peat
bog can change from a net sink to a net source in dry years.
Therefore, the aim of this study is to construct the most complete
carbon budget for the peat soils within a single catchment, for the
soils of that catchment but the soils within that catchment. The study
endeavours to include all carbon release pathways measured in one
catchment, correct for ﬂuvial losses so that carbon budget of the soils
within the catchment is assessed and compare data for more than
one year.
2. Methodology and approach
This study considers the following carbon uptake and release
pathways: net ecosystem respiration of CO2 and CH4; primary
production, dissolved CO2, dissolved organic carbon (DOC), particu-
late organic carbon (POC) and input of carbon from rainfall. This study
assumes that particulate inorganic carbon and dissolved CH4 are
negligible (Hope et al., 2001). All these uptake and release pathways
were measured within this catchment except for CH4 ﬂuxes.
2.1. Study site
Moor House and Upper Teesdale National Nature Reserve (NNR) is
situated in the North Pennine upland region of the UK (Fig. 1). The
Moor House NNR is a terrestrial and freshwater site which is part of
the UK Environmental Change Network (ECN). The ECN collects
various hydrological and water quality data from the Trout Beck
catchment that lies within the Moor House NNR. The Trout Beck
catchment occurs mainly above 450 m O.D. with the highest point
being the summit of Cross Fell at 893 m O.D (National Grid Reference
NY 756326, N54:41:18 W2:22:45). The underlying geology is a
succession of Carboniferous limestones, sands and shales with
intrusions of the doleritic whin sill (Johnson and Dunham, 1963).
The solid geology is covered by glacial till and colluvial material whose
poor drainage qualities facilitated the development of blanket peat
during the Holocene. Blanket peat covers 90% of Trout Beck catchment
(Evans et al., 1999). The vegetation of the reserve is dominated by
Eriophorum sp. (cotton grass), Calluna vulgaris (heather) and Sphag-
num sp. (moss). The mean annual temperature (1931–2000) is 5.2 °C;
air frosts are recorded on over 100 days in a year (1991–2000, Holden,
2001). Mean annual precipitation (1953–1997) is 1953 mm (Burt
et al., 1998). Any rainfall in the catchment produces a rapid runoff
response: studies at Moor House have shown that the lag between
peak rainfall intensity and peak ﬂow can be as little as 30 min (Burt
et al., 1998).
A ﬂow gauging station is situated on the Trout Beck with discharge
being recorded hourly. The catchment area above the Trout Beck
gauging site is 11.4 km2. Ameteorological station is situatedwithin the
catchment (Fig. 1) with hourly recording of rainfall by tipping bucket
raingauge; the recording of air and soil temperature at 10 cm below
the soil surface; and solar radiation. In addition, a network of ﬁve
piezometers has been installed in the catchment and the depth to the
water table is monitored every 15 min with levels having been
calibrated weekly since October 1994.
Water samples were collected weekly from ﬁve stream sites, along
with precipitation samples. Samples were also taken fortnightly from
six soil solution samplers at two depths, 10 and 50 cm, the former will
be referred to as shallow soil water and the latter as deep soil water.
This study focuses on the analysis of stream sampling records at the
Fig. 1. The location of the Trout Beck study site, Northern England.
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within the peat), soil water samples and precipitation samples (Fig.1).
Water samples were analysed for: conductivity, pH, alkalinity,
calcium, magnesium, potassium, sodium, iron, aluminium, chloride,
sulphate, DOC, DOC absorbance at 400 nm and Total N. Themethods of
analysis are detailed in Sykes and Lane (1996) and for soil water
samples in Adamson et al. (2001).
2.2. Budget calculation
Calculation methods involve both interpolation and extrapolation
techniques. A wide range of interpolation methods have been
proposed (e.g. De Vries and Klavers, 1994; Littlewood, 1995). Little-
wood et al. (1998) recommend the use of their “method 5”where data
are relatively sparse but showed that the best estimation method
could vary between determinands and between catchments with
interpolation methods working best for those determinands where a
strong seasonal component existed— they did not review data for any
form of carbon. For the purpose of this study interpolation methods
were used for DOC and dissolved CO2 where, a priori, a strong seasonal
component would be expected (Naden and McDonald, 1989). This
study, therefore, uses “method 5” of Littlewood et al. (1998):
Flux = K
Pn
i=1
CiQ i½ 
Pn
i=1
Q i
QT ð1Þ
where: K=conversion factor allowing for period of sampling;
Ci=concentration of determinand in sample i; Qi= instantaneous
discharge at sampling time i; QT=mean river discharge over the
period; and n=number of samples.
For extrapolation methods calibration between the determinand
and its most signiﬁcant driver or drivers is required; and if the driver is
known across the seasonal cycle then the annual ﬂux may be
calculated. For ﬂuvial ﬂuxes extrapolation methods work best wherea good rating curve between concentration and ﬂow can be found and
so extrapolation methods were used for calculating the POC ﬂux.
Similar strong relationships can be found between environmental
variables monitored in the catchment and primary productivity, net
ecosystem respiration and methane.
2.3. DOC
Monitoring by ECN includes weekly spot samples used for DOC
concentration at the catchment outlet. Sampling of DOC means that a
budget for DOC from the catchment can be calculated from 1993 to
2005. However, to properly estimate the loss of DOC from the peat
soils of the catchment, it is necessary to consider losses and gains of
DOC within the streams of the catchment. Worrall et al. (2006a,b)
proposed two methods for calculating the loss of DOC from the peat
soils for this same catchment, one based upon a two end-member
mixing analysis and another based upon a principal component
analysis. However, an alternative and amore conservative approach in
this catchment is to consider the composition of the soil water.
Worrall et al. (2003b) showed that for this catchment the source of
the water could be described by three end members — two rainfall
and one soil water end-members. This implies that the source of the
DOC leaving the catchment is adequately described by the composi-
tion of the soil water. Therefore, the ﬂux of DOC from the catchment
will be assessed, ﬁrstly, on the basis of that concentration measured at
the outlet of the Trout Beck catchment. Secondly, instead of just using
the concentration of DOC at the catchment outlet, the concentration
of DOC in the shallow soil water will be used in combination,
assuming a three end-member mixing with rainfall, and using the
ﬂow through the catchment, i.e. the ﬂowmeasured at the outlet of the
Trout Beck catchment. This assumes that all the water ﬂowing
through the catchment has all come through the shallow peat and
that the three end member approach is sufﬁcient to explain for any
dilution. This approach will probably be an overestimate as it assumes
no additional dilution from groundwater. By using these twomethods
it is possible to assess the loss of DOC within the streams of the
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expected to be lower than the DOC ﬂux as calculated from the soil
water concentrations. Therefore, for DOC this study is assessing the
carbon budget of the peat soils within the catchment rather than the
catchment as a whole.
2.4. POC
POC was estimated from storm samples, i.e. sampling triggered on
the storm hydrograph as opposed to the baseﬂow, collected as part of
a suspended sediment load monitoring programme undertaken in the
Trout Beck catchment (Evans and Warburton, 2005). The sediment
yield was estimated from a log–log rating curve relating discharge to
suspended sediment concentration. A correction factor was applied to
remove the bias introduced by back transforming the data (Ferguson,
1986). Suspended sediment ﬂux measurements were converted to
POC estimates based on the measurement of the carbon content of the
collected suspended sediment. This measure of POC ﬂux is not
corrected for transformations within the stream network and so is a
ﬂux from the catchment as a whole and not from the peat soils of the
catchment. It is not known what transformations occur in the stream
network and so the ﬂux from the peat soils of the catchment cannot be
known and the whole catchment ﬂux is the only estimate available.
2.5. Dissolved CO2
The excess dissolved CO2 concentration was calculated in the
waters leaving the study catchment. Excess dissolved CO2 is deﬁned
as the amount of dissolved CO2 found in the water above that which
would be expected to be present if the water were equilibrium with
the atmosphere. The excess dissolved CO2 concentration was
calculated using the method of Neal et al. (1998). The excess
dissolved CO2 can be estimated given only the alkalinity and the pH
of the water, but a better estimation can be made if the temperature
and Ca concentration of the water are available as well so a complete
speciation of the inorganic carbon can be achieved. ECNmonitoring of
the Trout Beck stream includes Ca, alkalinity and pH with stream
temperature was calculated for the Trout Beck stream using the
method of Crisp and Howson (1982). The excess dissolved CO2
concentration at the catchment outlet is, however, not the concentra-
tion leaving the peat soils of the catchment. In order to back calculate
the excess dissolved CO2 concentration as water emerges from the
peat soils of the catchment it is necessary to account for evasion of
CO2 from the streams of the catchment and for in-stream production
of CO2. The evasion rates were calculated using the thin ﬁlm diffusion
model (Liss and Slater, 1974) and on the basis of knowing the
residence time of stream water within the catchment. The rating
curve for the Trout Beck gauging station was used to estimate stream
depth and, given the total stream length within the catchment it was
assumed that the CO2 evaded the stream at the mid-length point. The
in-stream production was estimated following the method of Worrall
et al. (2005) based upon measurements of biochemical oxygen
demand (BOD) across a range of low conditions within the
catchment.
2.6. Surface exchange of CO2
The exchange of CO2 at the peat surface in the catchment is
considered to be composed of two components — net ecosystem
respiration and primary productivity.
The net ecosystem respiration directly from the soil surface was
estimated by two different methods. A commonly used method is that
proposed by Lloyd and Taylor (1994) who link net ecosystem
respiration to soil temperature. This present study used the approach
of Lloyd (2006) and Rowson (2007) that both identiﬁed depth to the
water table as a signiﬁcant factor in controlling net ecosystemrespiration. The best-ﬁt equation from the study of net ecosystem
respiration data was:
logR = 0:16logWD −
8252
T
+ 26:0 r2 = 0:64;n = 385: ð2Þ
(0.01) (0.00) (0.00) signiﬁcance of coefﬁcient
(0.04) (390) (1.4) standard error of coefﬁcient
where R=the ﬂux of CO2 (g C/m2/hr), and WD=the depth to the
water table (m); T=air temperature (K). The ﬁrst row of ﬁgures in
the brackets represents the probability that the coefﬁcient is equal to
zero, and the second row of ﬁgures in brackets represents the standard
error in the coefﬁcient. This has several advantages over the approach
of Lloyd and Taylor (1994). Firstly, it is stated in terms of the air
temperature rather than the soil temperature the former being more
likely to bemeasured over longer periodswithin a catchment and thus
enabling better extrapolation of the results. Second, it is adjusted for
the size of aerobic zone in the peat proﬁle. Allowing for the depth to
the water table is a better approximation of the observations and
results in a root mean square error (RMSE) of 0.14 which is lower than
for the Lloyd and Taylor approach (RMSE of 0.159).
Calibration of Eq. (2) was achieved with net ecosystem respiration
measurements from closed, dark chamber measurements of net
ecosystem respiration using an Infra Red Gas Analyser (IRGA) (PP
systems EGM-4, Hitchin, UK). The chamber also included an air
temperature probe and measurements were taken on ﬁxed collars
adjacent to a piezometer where the depth to the water table was
measured. The calibration took place with net ecosystem respiration
being measured in four 15 cm diameter collars across a transect of
10 m where the vegetation in the collar was dominated by Calluna
vulgaris — the dominant vegetation of the catchment as a whole. The
chamber was applied to each collar in turn with each ﬂux measure-
ment taken between 2 and 5 min with an internal fan within the
chamber being used to ﬂush the chamber between measurements.
Respiration measurements were made approximately every 2 weeks
for 18 months with 384 measurements being taken in total.
Measurements with the IRGAwere calibrated by gas chromatography.
An alternative and independent approach to the estimation of the
net ecosystem respiration is to consider the loss of dissolved CO2 as
being indicative of the production of CO2 within the soil pore space,
Jones and Mulholland (1998) have proposed a method for not only
back tracking dissolved CO2 to the losses from the soil proﬁle but also
to estimate a catchment wide net ecosystem respiration. Worrall et al.
(2005) have shown that the approach of Jones andMulholland (1998)
gives comparable results to those of extrapolation from soil tempera-
ture within a peat soil catchment. This present study calculates the
excess dissolved CO2 concentration at emergence as described below.
Taking this calculated excess dissolved CO2 at emergence and applies
the method of Jones and Mulholland (1998) given the proportion of
soil water in runoff estimated from the three end member approach
(Worrall et al., 2003a) and the measurement of the depth to the water
table within the catchment in order to calculate the net ecosystem
respiration of CO2.
For primary productivity two methods were used. First, a common
approach is to link primary productivity (PP) to photosynthetically
active radiation (PAR), Bubier et al. (1998) have proposed a
rectangular hyperbola model ﬁt of the form:
PP =
GPmaxαPAR
αPAR + GPmax
 
: ð3Þ
Where α (alpha)=initial slope of the rectangular hyperbola (also
called the apparent quantum yield and a conversion factor between
units), GPmax=NEE asymptote (g C/m2/hr), and PAR=photosynthe-
tically active radiation (µmol/m2/h). This equation was calibrated for
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ecosystem respiration, but in this case the chamber is used without a
cover. The calibration of Eq. (3) took place at the same time as net
ecosystem respiration measurements were made. The primary
productivity is taken as the difference between the net ecosystem
exchange (NEE) and the net ecosystem respiration. The NEE
measurements were taken in four 15 cm diameter collars positioned
across a 10 m transect containing a range of vegetation typical of the
site. In total 384 NEE measurements were made over an 18 month
period. Long term monitoring of PAR are not maintained for the site
but records of 15-min PAR measured for 2004 were calibrated against
solar radiation records for the study site maintained hourly.Where the
best-ﬁt calibration equation is:
PAR = 19:39 + 1:79S r2 = 0:82;n = 8760
where: S=solar radiation (W/m2); and PAR=photosynthetically
active radiation (µmol/m2/h).
The second common approach to the estimation of primary
productivity is to link productivity with water balance and actual
evaporation:
P = 3000 1−e−9:695x10
− 4 AET−20ð Þ
 
ð4Þ
where: P=annual net primary productivity (g C/m2); and AET=ann-
ual actual evaporation (mm). Garnett (1998) has shown that there is a
statistically signiﬁcant link between actual evaporation and primary
productivity at the study site and that Leith's model was appropriate.
2.7. Rainfall carbon
The annual DOC load to the catchment due to dry and wet
deposition was calculated from DOC measurements in the precipita-
tion samples collected as part of the ECN network and the measured
volumes of rainfall. At Moor House, dry and wet deposition are
included in the same precipitation samples, i.e. separate estimates of
dry and wet deposition inputs of carbon cannot be made. It was
assumed that: rainfall was at equilibrium with the atmosphere, i.e.
contains no excess dissolved CO2; would contain negligible POC but
would have acquired DOC in the atmosphere.When the DOC budget of
a peat is considered only at the catchment outlet then some
component of that measured DOC export does not come from the
peat but a proportion comes in with the rainfall and so the rainwater
DOC needs to be accounted for. However, if the direct loss of DOC from
peat soils is assessed by considering the composition of shallow soil
water, then it is not necessary to consider the rainfall inputs separately.
2.8. Methane
The only component of the carbon cycle that could not be directly
measured within the Trout Beck catchment is CH4. A common
approach to the consideration of CH4 ﬂux is to consider its relation
to potential drivers especially depth to the water table (Roulet et al.,
1993; Daulet and Clymo, 1998; Hargreaves and Fowler, 1998). Reed
and Mitchell (pers comm) in a review of CH4 ﬂux measurements for
peat found a statistically signiﬁcant relationship between CH4 ﬂux
with water table depth for all temperatures when averaging over day
and night measurements:
lnF = 4:12− 3:9WD ð5Þ
where: F=the molar ﬂux of CH4 (µmol CH4/m2/h); and WD=depth
to the water table (m). Water table depths have been recorded for the
site only since October 1994 and so in order to complete the budgets to
the beginning of 1993 the monthly average depth to the water tablewas calculated from the catchment water balance using themethod of
Worrall et al. (2004).
2.9. Carbon budget
Given this approach the total magnitude of the carbon sink would
be:
FC = PP + R + POC + DOC + dissCO2 + CH4: ð6Þ
Where: Fc=the total ﬂux of the catchment (Mg C/km2/yr);
POC=the annual ﬂux of POC (Mg C/km2/yr); DOC=annual DOC ﬂux
(Mg C/km2/yr); diss.CO2=the annual ﬂux of excess dissolved CO2
(Mg C/km2/yr); and CH4=the annual methane ﬂux (Mg C/km2/yr).
If the DOC ﬂux is taken as that leaving the peat proﬁle based upon the
soil DOC concentrations then it is not necessary to include rainfall
DOC, (although it is calculated in the study). The overall ﬂux is
calculated for the combination of uptake and release pathways given
the preferred method and by convention a negative ﬂux is considered
as uptake of carbon by the system. This includes both ﬂuvial and
gaseous uptakes and releases and as such this is an estimate for the
peat soils of a whole catchment rather than just for a peat proﬁle or
the whole catchment.
2.10. Error estimation
In all budget calculations there are a number of sources of error.
Within interpolation methods the major sources of error are the
sampling frequency and the inherent error in the method used.
Worrall and Burt (2007) have used a sub-daily time series of DOC
concentration and systematically degraded the time series to assess
the error upon decreasing sampling frequency. By going from sub-
daily to weekly sampling the standard error was ±8%. Each method
used for ﬂux estimate has an inherent error: Harrison et al. (1990) give
a formula for calculating the inherent error in method 5: in this
case, ±3%, therefore the error inweekly sampling for an interpolation
method is ±11%.
For those ﬂux estimates based upon extrapolation methods, the
error is in the ﬁt of the equation used. For each equation used the
standard error of the equation's coefﬁcients and constants were
calculated and from there an upper and lower limit upon the ﬂux of
POC, net ecosystem respiration of CO2; uptake of CO2 by primary
productivity and CH4 were estimated.
Error in the rainfall ﬂux estimate would be expected to be
relatively small as the DOC analysis was performed upon composite
samples rather than spot samples as with the ﬂuvial DOC, therefore
the signiﬁcant source of error would only occur if DOC degraded
within the samples between falling in the rain and analysis and/or if
the rainfall as recorded at the gauge was not representative of the
catchment.
The error in the total carbon budget is ﬁrstly assessed by
combining all the possible methods for all the uptake and release
pathways to show the variation due to method of estimation.
Secondly, the effect of the error in each method on the total carbon
ﬂux is assessed by the combination of the errors of each of the uptake
and release pathways included in Eq. (6): 100 values were chosen at
random from this range and combined in Eq. (6). The resulting
distribution of carbon budgets was then examined to give the
standard error of the budget estimate.
3. Results
3.1. Net ecosystem respiration of CO2
Based upon Eq. (2) the net ecosystem respiration of CO2 varies
from 49.1 to 58.2Mg C/km2/yr with a standard error of ±7.7% (Fig. 2).
Fig. 2. Annual soil CO2 respiration ﬂux as estimated based upon Eq. (2) and the approach of Jones and Mulholland (1998) over the period 1993–2005.
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variation in the net ecosystem respiration of CO2 is limited because it
is taken as being controlled by soil temperature and water table depth
and these vary little between years. Net ecosystem respiration of CO2
should increase with increasing air temperatures but also with
increasing depth to the water table via increased evaporation. The
results of extrapolation show that there is a signiﬁcant upward trend
(Pb0.05, n=13 — Fig. 2) on this net ecosystem respiration record
with a 0.7% annual increase or a 9.1% increase over the period of the
record.
In comparison, the net ecosystem respiration calculated from
dissolved CO2 (Jones andMulholland, 1998) shows a far higher degree
of variation (Fig. 2), with variation between 35 and 142 Mg C/km2/yr.
In all cases the predicted net ecosystem respiration is outside the error
band estimated above, however, the annual results based upon the
dissolved CO2 are fairly evenly distributed about the values predicted
using Eq. (2) above, 6 out of 13 are larger and 7 smaller in magnitude.
Therefore, the comparison suggests that values calculated on the basis
of soil temperature and water table depth are of the correct order of
magnitude but may underestimate the net ecosystem respiration
during drought years.
3.2. DOC
The DOC ﬂux at the outlet of the Trout Beck stream varied from
10.3 to 25.2 MgC/km2 with the values showing a change across the
severe drought of 1995, which in this catchment was approximately 1
in 33 drought (Fig. 3, Worrall et al., 2006b). If the shallow soil water
composition is considered as the source water, and the DOC
concentration lost from the peat soils of the catchment varies from
12.5 to 85.9 Mg C/km2/yr, with an error of ±12% (Fig. 3), i.e. a
percentage loss of DOC across the catchment varied from 23 to 76%.
Plotting the DOC ﬂux based on soil concentrations and Trout Beck
concentrations shows that the comparison is best described by a linear
relationship i.e. the loss of DOC in the system is best described by aﬁxed fraction rather than increasing or decreasing with DOC ﬂux
(Fig. 4). However, the relationship in Fig. 4 implies that therewould be
ﬂux of DOC from the catchment even at zero ﬂux from the soil. This
could imply an additional source of DOC from the catchment that is
always present. One possibility is a ﬂux of DOC from deeper layers in
the peat not assessed in the monitoring for this study. The fate of this
lost DOC is uncertain, however it may not be that this carbon is simply
lost to the atmosphere as CO2 but it is possible that this carbon is lost
to adsorption and/or ﬂocculation processes rather than biodegrada-
tion or photo-oxidation.
In a review of annual DOC ﬂux from a range of catchments Hope et
al. (1997) document values up to 10.3 MgC/km2/yr (River Halladale,
Sutherland, Scotland). Dawson et al. (2004) report DOC exports for a
range of small, upland peat catchments, with values ranging from 8.3
to 26.2 Mg C/km2/yr in catchments between 0.41 and 46.3 km2, with
the higher exports being reported in the smaller catchments. These
studies do not allow for in-stream loss and so compare favourably
with the values of DOC export measured at the Trout Beck outlet of 10
to 25 MgC/km2/yr. but would not be expected to compare to the ﬂux
assessed from soil DOC concentrations.
3.3. POC
The annual POC ﬂux from the whole catchment measured in this
study varies from 7–22.4 MgC/km2/yr. Based upon the ﬁt of the rating
curve the variation in this estimate is ±86%. The reason for this large
uncertainty is that the ﬁt of the rating curve is a signiﬁcant ﬁt but there
is considerable scatter in the data. Evans et al. (2006) report values of
POC export from a peat-covered catchment, assuming an organic
carbon content of organic matter as 50%, are as high as 185.9 Mg C/
km2/yr for a small upland peat catchment in the southern Pennines.
However, lower values have been measured for mid-Wales (2.7 MgC/
km2/yr— Dawson et al., 2002), NE Scotland (1.9 MgC/km2/yr), and as
low as 0.12 MgC/km2/yr for a partially peat-covered catchment (64%
peat cover) in northern Scotland (Dawson et al., 1995). However, it
Fig. 3. Annual DOC ﬂux based upon soil water concentrations and the ﬂux at the catchment outlet over the period 1993–2005.
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catchment and not theﬂuxof POC from the peat soils of the catchment.
It would be expected that the POC ﬂux leaving the peat soils of the
catchment would be higher than that measured at the catchment
outlet.Fig. 4. Comparison of annual DOC ﬂux estimated from soil water concentrations and from th
value.3.4. Dissolved CO2
The value of dissolved CO2 at emergence from the peat soils of the
catchment varied from 1.0 to 15.2 Mg C/km2/yr with a standard error
of ±12%. Values reported in the literature for peatland catchmentse ﬂux based upon the ﬂux at the catchment outlet. Error bars are given as ±12% of ﬂux
4091F. Worrall et al. / Science of the Total Environment 407 (2009) 4084–4094vary fromas low0.2 to 1.1MgC/km2/yr (Dawson et al., 2004); however,
these are values uncorrected for losses within the streams of the
catchment and sodonot represent values of dissolvedCO2 at emergence
from the peat soils of the catchment. The highest values reported by
Dawson et al. (2004)were for the smallest catchments in their study, i.e.
where the inﬂuence of in-stream processes were at the minimum
relative to the other catchments in their study.
3.5. Rainfall DOC
The rainfall DOC is not required in the budget if the loss within the
stream is accounted for, however, inputs of DOC from rain varied
from−0.4 to−4.2 Mg C/km2/yr. Willey et al. (2000) estimated that
global precipitation input of DOC was 0.4×109 Mg C/yr, of which 70%
fell on land, which is an average input to land of−1.88 Mg C/km2/yr.
3.6. Primary productivity
When the primary productivity is estimated from Eq. (3), the
values are between −151 and −190 Mg C/km2/yr and when
estimated from actual evaporation the range is between −33 and
−293 Mg C/km2/yr (Fig. 5). Based on Eq. (4), Garnett (1998)
proposed values of primary productivity of between 117 and 341Mg C/
km2/yr. Values calculated based upon radiation are far less variable
because there is little variation in light conditions between years but
there can be wide variation between years in the amount of actual
evaporation. In comparison, the primary productivity based upon actual
evaporation peaks in the drought years between 1995 and 1997 (Fig. 5),
but there is also a peak in 1998 which was one of the wettest years in
the study period but nevertheless experienced high actual evaporation.
A detailed examination of the 1998 meteorological and hydrological
shows that the large estimated AET in 1998 is due to a large snowfall in
late November that does not translate in that year into an increased
ﬂow, hence, when AET is calculated from a water budget approach this
snowfall appears as evaporation. This would suggest that, althoughFig. 5. Annual primary productivity 1993this latter technique is easily applied reﬁnements to the methods are
required.
3.7. Methane
The value of the CH4 ﬂux varied from 5.2 to 6.9 Mg C/km2/yr with
a standard error of 80%— the large error seems appropriate for the one
component not measured within the catchment. There are a few
comparative studies in the UK that report annual budgets as opposed
to partial studies. However, Macdonald et al. (1998) found CH4 ﬂuxes
for a blanket bog in Scotland between 0.16–13.5 Mg C/km2/yr. For
Tundra peat, Nakano et al. (2000) found values as high as 76.7 MgC/
km2/yr. For lowland peat in the Netherlands, Best and Jacobs (1997)
found a methane production rate of 2 MgC/km2/yr, while Van den
Pol-Van Dasselaar et al. (1999), also for lowland Dutch peat, found
methane ﬂux values ranging from 2.3–28 MgC/km2/yr. Some boreal
bogs are actually net methanotrophic with bogs acting as net sinks of
CH4 of up to 0.24 Mg C/km2/yr.
3.8. Carbon budget
Given the above discussion of the alternative methods of
calculating the main carbon ﬂuxes our preferred combination of
techniques include: primary productivity measured from Eq. (3); and
net ecosystem respiration of CO2 from Eq. (2). The preferredmeasures
of carbon uptake and release pathways measured and estimated in
this study show that the catchment was always a net sink of carbon
over the entire study period varying between −20 and −91 Mg C/
km2/yr, with an average of −56 Mg C/km2/yr (Fig. 6) (Table 1).
However, when other possible combinations of estimation techniques
other than the preferred combination also indicate a reduction in the
size of the sink or it would seem that the catchment could be a net
source of carbon. The error based upon the combination of the
standard errors of the individual components is ±12%. When only
direct exchange with the atmosphere is considered, then theto 2005 based upon Eqs. (3) and (4).
Fig. 6. The carbon budget (annual net carbon ﬂux) estimated from all four possible combinations of estimation methods for primary productivity and soil respiration. Preferred
combination uses Eqs. (2) and (3); combination A uses Eqs. (2) and (4); combination B uses Eq. (3) and the approach of Jones andMulholland (1998); and combination C uses Eq. (4)
and the approach of Jones and Mulholland (1998).
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this latter calculation is with respect to processes operating within the
Trout Beck catchment and it would be reasonable to assume that
further biodegradation of DOC and POC occurs after leaving the
catchment.
The stoichiometry of the reactions of carbon in the catchment can
be estimated if the average ﬂux for each component is normalised to
the average annual uptake via primary productivity, then:
100CppZ35CR + 26CDOC + 4CCH4 + 4Cdissco2 + 31CRES ð7Þ
where Cx=carbon from the following uptake or release pathways,
where x is: pp=primary productivity, R=net ecosystem respiration,
DOC=dissolved organic carbon; CH4=methane; dissco2=dissolvedTable 1
Summary of the range of each carbon uptake and release pathway from across the
entire study period with their estimated percentage standard error.
Pathway Method Range Error
Minimum Maximum (%)
Primary
productivity
PAR (Eq. (3)) −151.4 −189.1
AET (Eq. (4)) 33.9 258.5
Soil respiration Eq. (7) 49.1 58.2 7.7
Jones and Mulholland (1998) 34.9 119.8
Methane 5.6 6.9 80
Dissolved CO2 1.0 15.1 12
Dissolved organic
carbon (DOC)
Flux at catchment outlet 10.3 21.8 12
Flux based on soil water
concentration
12.5 85.9 12
Particulate organic
carbon (POC)
7.0 22.4 86
Rain DOC 0.5 4.2 –
Total −20 −91CO2; and RES=residual carbon stored in the soil. At this scale, input
from rainfall is negligible. Further, POC losses are not included in this
equation as POC losses are from the residual carbon stored in the soil
and so a further equation can be given:
31CresZ9CPOC + 22CRES ð8Þ
where: CPOC=the carbon lost as particulate organic carbon. A
schematic representation of the estimated carbon budget for the
Trout Beck catchment is given in Fig. 7.
4. Discussion
An important question is how does the value of carbon ﬂux
calculated here relate to other values for similar peatlands? Firstly,
this result cannot be easily compared to other ﬂux studies as they are
all limited to a subset of carbon uptake and release pathways and do
not deﬁne a complete budget. However, several long-term accumula-
tion studies have been performed at this ﬁeld site. Garnett et al.
(2000) estimated peat accumulation since 1954 using an SCP method
in a number of plots in the study catchment. Recalculation of their
data provides estimates of average accumulation on the three
different moorland land management plots of: 71 Mg C/km2/yr
(grazed and rotationally burnt every 10 yr); 18 Mg C/km2/yr
(ungrazed, unburnt); and 126 Mg C/km2/yr (grazed and unburnt),
with a standard error on each estimate of ±11Mg C/km2/yr. This is at
the upper end of estimates presented in this study, however, given the
historical evidence of peat erosion in the catchment during this period
(Evans and Warburton, 2005) this direct comparison is hard to justify
because peat accumulationwould be expected to vary with position in
the catchment. Furthermore, studies of peat accumulation occur
mainly on interﬂuves while peat erosion is concentrated in the vicinity
of streams and peat accumulation rates would underestimate the
losses due to POC ﬂuxes.
Fig. 7. A schematic representation of the amount and pathways of carbon loss and
uptake from the study site.
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C/km2/yr, is there any indication what is driving this inter-annual
variation? The largest sink carbon sinks occurred in 1996, 1999 and
2003 and the smallest occurred in 1998, 2001, 2002 and 2004. The
difference between these two sets of years is that the larger sinks are
in the relative dry years and the smaller in the wetter years. The
reason for this is possible to explain in terms of the ﬂuvial ﬂuxes, i.e. a
wetter year gives rise to higher ﬂuvial ﬂux through the catchment
increasing losses of DOC, POC and dissolved CO2. It might well be
expected that there would be certain seasons or months when
changes in rain and runoff would have particularly marked effects. For
example, DOC concentrations in soil water are particularly high in the
summer months (June–August) but in this catchment DOC ﬂux tends
to peak in the Autumn when the runoff begins to increase after a
summer minimum. If there were more runoff events in the summer
when available DOC concentration is relatively high then the increase
in annual ﬂux might be more marked.
It is interesting to speculate on how these ﬂux estimates can be
applied at a larger scale. There is a range of estimates of the total peat
resource within the UK. Milne and Brown (1997) gave the area of
blanket peat in Scotland to be 25,641 km2 and the area of rawpeat soils
in England andWales as 3568 km2, giving 29,209 km2 in total. Cannell
et al. (1993) estimated the area of deep peats as 19,224 km2. The ITE
Countryside Survey (Haines-Young et al., 2000) gives the area of “bog”
to be 23,600 km2. The lowest estimate of area of blanket mire is
14,790 km2 (Tallis andMeade,1998). Given this variability and in order
to determine a representative value of the UK peat carbon budget,
estimates of the area of UK peat were selected randomly from the
range of 14,790 to 29,209 km2 and combinedwith a randomly selected
value of annual carbon budget from the range of carbon budget
estimated in this study (20–91Mg C/km2/yr). This is repeated for 100
random selections resulting in an estimate of the carbon budget for UK
peat of 1.2 Tg C/yr with a standard deviation of 0.44 Tg C/yr. This is a
larger estimate than that given byWorrall et al. (2003a) (0.15–0.29 Tg
C/yr) and that given by Cannell et al. (1993) (0.7 Tg C/yr), even though
the budget given here in this study included a range of loss pathways
not included in the latter study. However, even 1.2 Tg C/yr is less than1% of UK fossil fuel emissions (UK greenhouse gas inventory
2002=150.26 Tg C — Baggott et al., 2004).
5. Conclusions
This study documents the most comprehensive carbon budget for
a peat-covered catchment thus far completed. The principal ﬁndings
show that:
i) Over a 13 year period the total carbon ﬂux varies between−20
and −91 Mg C/km2/yr.
ii) By far the biggest single component of the budget is the uptake
of carbon by primary productivity (average across the study
period of 176 MgC/km2/yr).
iii) The next largest components are the loss of DOC from the soil
water with on average of 39.5 Mg C/km2/yr and net ecosystem
respiration of 53.9 Mg C/km2/yr.
iv) The study focuses upon total carbon loss but also suggests that
with respect to direct exchanges with the atmosphere would
average 89 Mg C/km2/yr within the conﬁnes of the catchment.
Given the ranges calculated in this study the carbon budget of UK
peats would be 1.2 Tg C/yr±0.4 Pg C/yr, this is larger than the
presently published values.
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